INTRODUCTION
Although there are a number of potential pitfalls, the classical method of relating defect area to echo amplitude is still the most widely used method to size defects using ultrasonic pulse-echo techniques. In 1959 Krautkramer [1] was the first to introduce a set of curves (DGS diagrams) showing the variation of echo amplitude with range and target size. As Krautkramer made clear, such curves are dependent on transducer pulse shape. For the very far field he gave theoretical results assuming a fluid-like medium of propagation, but he had to resort to a large number of experimental measurements to construct the near field portion of the curves. Well known problems in using DGS diagrams include the sensitivity of echo amplitudes to target angular and lateral alignment and the need to construct a new set of curves for each transducer pulse shape. Furthermore, when sizing targets in solids there are likely to be errors if curves constructed assuming a fluid medium are used. In 1987, McLaren and Weight [2] gave an impulse-response method to predict echo amplitudes for arbitrary target position in the field and for any transducer pulse shape. Normally-aligned, flat-ended cylindrical targets and a fluid medium were assumed. More recently, Scltmerr and Sedov [3, 4] have calculated single frequency DGS diagrams for flat-bottomed holes (FBH's), for both direct and water coupling, but the holes are assumed to be in a fluid-like material. Their method takes account of diffraction and refraction effects but not mode conversion. A more exact treatment of the effect of a solid medium of propagation on DGS diagrams has been given by Sumbatyan and Buyove [5] who developed DGS diagrams for disc-like targets using a boundary element method to solve the elastodynamic equations, but again, only for the case of continuous sinusoidal waves. One disadvantage of such an approach is that the calculations can be rather time consuming.
Here, we present a development of an earlier impulse-response method [6] introduced to calculate echo-responses for point-like targets in a solid. The new model can be used to predict echo-responses for disc-like targets at arbitrary range in a solid and for any transducer pulse shape. Theoretical echo responses and a DGS curve obtained using the new model are compared with experimental results for FBH's in aluminum. The complicated structure of echo responses from targets of even simple geometry is explained and the relevance of such structure for target characterization is discussed. The origin of the well known near-field fluctuations seen in DGS diagrams is explained and the differences between diagrams obtained assuming a fluid-like medium of propagation and those of the new model are demonstrated and discussed.
THEORY

Propagation of ultrasound in solids
In earlier work, the pressure impulse response P 6 at an arbitrary point in the field of a directly-coupled circular transducer was given as [7] (1)
where c i and c, are the shear and compression velocities, respectively; .0 is the arrival time of the plane wave from the center of the transducer and .1 and ., are, respectively, the arrival times of the compression and shear edge waves from each element of the rim of the transducer. The function
is the compression edge-wave contribution to the overall impulse response for a fluid medium of propagation and the model for propagation in a solid takes account of partial mode conversion of such a wave into a shear edge-wave by including a second term !, (t -t,) . Since It and!, are assumed to be as for fluid media having sound velocities c, and c" respectively, known analytic solutions (see for instance Stepanishen [8] ) are available and can be used for this part of the solution [7] . The factors ml(9) and l1\(9) relate the amplitude of the edge-wave components to that of the compression plane wave, the angle 9 being defmed in Figure 1 . Originally, these factors were set empirically [7] , but more recently, closed-form solutions for similar functions have been derived by Lhemery [9].
Compression and shear particle velocities can be obtained from the compression and shear edge-wave components in Eq (1) -the magnitudes being found by assuming that the wave is locally plane and using UI =elpcl (2) and
respectively, leading to
and lu,l = m,(9}fi(t-t,)
The direction of the particle velocities can be found from a knowledge of the type of edge-wave, compression or shear, and fact that each edge wavefront is a toroid. As discussed later, we shall be concerned with just the normal components u x ' and ux,ofthe particle velocity, where (see Figure 1 ) Eqs (1) (2) (3) (4) (5) (6) (7) give the normal component uxsofthe particle velocity impulse response as uxa(r, t) = oCt -'to) -ml(8)fl(t -tl)sin 8m,(8}fr(t-(t)cos 8 .
The normal particle velocity for arbitrary motion vet) of the source is then
where * denotes convolution.
Echo responses for targets in a solid
The scattering at the target is modeled by treating its surface as a free boundary and assuming each surface element undergoes velocity motion v s equal and opposite to that of the incoming waves. Thus for an impulsive motion of the interrogating transducer we take
Invoking the principle of reciprocity, the echo Ea(t) response for point-like targets has been given as [6] where k, is a constant.
Following the approach of McLaren and Weight [2] who developed a model for finite targets in a fluid, the echo response for axial, disc-like targets of radius R<a, is given by
where S is the surface area of the target. With axisymmetric circular targets, we may treat the target surface as a summation of elemental annuli so that,
where y is the radius of each annulus. The echo response now becomes (14) where R is the radius of the target.
EXPERIMENTAL MEASUREMENTS
To check the predictions of the new model, echo responses from a series of2mm-diameter flat-bottomed holes in a 100 thick aluminum test block were recorded. The metal path from the coupling surface to each hole was within the range 20 to 65mm with a tolerance of ±0.5mm .The echo responses were obtained using a directly-coupled Harisonic type HC-3144 transducer (19mm diameter, 3.5MHz), excited with gated sinusoidal waves to give a typical, but controllable pulse shape. Positioning of the transducer was carried out by hand, the tolerance on the axial alignment of targets being ±0.5mm. A wideband receiving amplifier was used (Panametrics 505 2PR) and all results were recorded using a Lecroy 9410 digital oscilloscope.
RESULTS
Echo responses
The accuracy of the impulse response model to predict the echo response of a point-like target in a solid has been demonstrated in earlier work [6) . Here we first give some calculated results for a very short pulse to show the model's predictions for targets of increasing diameter. Such results are a useful precursor to explain 1he form of the experimental results made to check the accuracy of the new model. These were obtained using the more practical pulse shape detailed below. Figure 2 shows a set of predicted responses for on-axis targets of increasing diameter at the same range of 12mm. With the short-pulse driving function v(t) used here (one cycle at SMHz), the result for the smallest Imm-diameter target is similar to that predicted earlier for a point-like target and shows the complicated multipulse structure arising from diffraction effects and the existence of mode-converted shear waves. A full description of such a structure has been given elsewhere [6) but very briefly, the group of pulses labeled "C" denotes a packet of pulses with contributions due to the reception of scattered compression plane and edge waves; "C/S" is a packet that arises from the reception of waves that make one trip to/from the target as a compression wave and one as a shear wave and "S" shows a pulse that makes both trips as a shear wave. The time separation between the three contributions in packet "C" arises from the path difference (PD) between rays traveling from the transducer center to the target and back to the transducer center and one taking the transducer-centre/ target/transducer-rim path.
For normally-aligned targets of increasing diameter (but <2a) the general form of the impulse response U X (; within the integral ofEq (14) is a leading ~t) due to the first received scattering of the incident compression plane-wave, followed by smaller and smeared out contributions due to later received (at the transducer rim) plane-wave contributions and even later contributions from the propagation and reception of both compression and shear edge waves. Furthermore, with the exception of the first-arriving contribution, the arrival times of all later contributions vary as the integration proceeds. Hence as target size increases, the first received plane-wave contribution comes to dominate the echo response and this is borne out by the remaining results in Figure 2 . As might be anticipated, this is also true for targets where R>a, since only the edge waves can propagate outside the geometric region straight ahead of the transducer and as explained above, their contribution to the overall response is smeared out. The accuracy of the model has been checked by comparing its predictions with some measured echo responses using a typical pulse shape consisting of a few cycles centered at 3.8MHz and having a rising and falling envelop with a central "plateau" region. With such a pulse, the first three compression-wave contributions (i.e. packet "C "in Figures 2 and 3 ) overlap to interfere. In Figure 3 we show results at just two ranges, where there is either fully destructive (PD= Anote the phase inversion of the first and second components in Figure 2 [6] ), or fully constructive interference (PD=Al2). Such results are of particular consequence for target sizing since, as can be seen, the interference effects result in the echo from the given target increasing by a factor of about ten as the range of the target increases from 25mm to 47mm. To ensure a true simulation, the theoretical source driving function v(t) used for the calculated results of Figure 3 was set to match the plane-wave component of the pulse from the transducer used in making the experimental measurements. A convenient method to measure the radiated plane waveform is to record a backwall echo from a thin, parallel-sided plate: thin, since with increasing range the back wall echo becomes the derivative ofv(t) [6] . For the pulse shape and transducer diameter used here, a lOmm-thick plate was acceptable. Note that there is good agreement between the calculated and measured results, with the exception that the modeled responses do not show the pulse labeled "M" in the measured results. This pulse is a "multiple" echo arising from that portion of the first-received target scattering that is reflected from the coupling surface to be further scattered by the target. In its present form, the new model does not take such effects into account.
Again, for target sizing, it worthwhile considering how the above near-field interference effects vary with target size. As demonstrated in Figure 4 (and as could be inferred from Figure 2 ), once target size is large enough for the first-arriving plane-wave contribution to dominate, interference has less impact on the shape and amplitude of the echo response. Eventually, as R -+a, the echo amplitude becomes proportional to target area. Similarly, with larger near-field targets, there will be less variation in echo amplitude for a given target diameter as target range varies. These trends are well known from previous studies, but the present work is the first to give a detailed explanation of their origin. Figure 4 . Calculated echo responses for various diameter targets at a range where destructive interference occurs (PD =A., range = 34 nun). As target diameter increases, the plane-wave contribution is integrated over the area of the target and dominates over the edge-wave contributions, the echo response becoming less affected by interference between its various components. Figure 5 shows a set of DGS diagrams calculated by taking the peak-to-peak amplitude of echo responses predicted using the new model. These results were calculated for the case of a narrow band pulse of 15cycles at 5MHz, assuming a transducer of diameter 19 nun, the radiated plane-wave pulse shape being shown inset Circular disc-like targets in aluminum were assumed. The results are plotted using normalized logarithmic scales following Krautkramer's original work. The origin of the near-field fluctuations is explained by the interference effects discussed above and demonstrated in As target size increases, the fluctuations are smoothed out, since, for these normally-aligned targets, the echo response is increasingly dominated by the compression plane-wave contribution -as explained in the previous section and as shown by the echo responses given in Figures 2 and 4 . The general form of these curves is similar to that ofKrautkramer's original experimental work, but it should be bome in mind that his results were taken for disc-like targets in a fluid. Later, in Figure 7 we compare theoretical curves obtained using the new model with those obtained using a similar model, but for the simpler case of a fluid medium of propagation~ As a further check on the accuracy of the new model, Figure 6 shows sections of calculated and experimentally-measured DGS diagrams. In both sets of results, peak-to-peak pulse amplitudes were taken and plotted using the same normalized scales as in Figure 5 . Note however that the distance scale is now linear. The experimental results were obtained using the same 19mm-diameter Harisonic transducer as for Figure 3 , the targets being a series of 17, 2mm-diameter FBH's drilled into aluminum. The measured pulses amplitudes were taken after digitally recording the echoes on the Lecroy 9410 oscilloscope. Note that the calculated and measured results may be plotted to the same relative, amplitude scale, since they are separately normalized to their own echo amplitude for G= 1. In general, there is good agreement between the two curves, the maximum difference being some 3 dB. It is estimated that the errors due to cxperimental uncertainties, such as machining tolerances, transducer positioning and coupling led to an error of±15% in measuring the pulse amplitudes.
DGS DIAGRAMS
At all of the targets sizes and ranges considered in this paper, the amplitude of the compression-wave components (packet "C") within the overall echo responses is greater than any of the later-arriving contributions, but it should be borne in mind that the existence of these later contributions does affect the amplitude of packet "C", since they are mode-converted from itpartially at the transducer and partially at the targets themselves. To demonstrate this we show in Figure 7 two corresponding sets of theoretical DGS diagrams, one calculated using the new model, the other with a similar, but simpler model that assumes that thc medium of propagation is a fluid and ignores mode conversion at the targets. Since the interference effects discussed above are common to both sets of results, the near-field fluctuations in the diagrams have a similar form, but there are differences in degree, especially at the range where destructive interference occurs (PD=A.). Figure 7 . Comparison between DGS diagrams calculated using fluid (continuous line) and solid (broken line) models and assuming the same transducer as in Figure 5 , but for the a sine-envelope pulse (shown inset) centered at 5MHz. CONCLUSIONS An earlier model for predicting echo-responses for point-like targets in a homogeneous lossless solid can be extended to calculate responses for circular disc-like targets. The new model gives rapid calculation times compared to numerical methods and can be implemented on a Pc. Calculated echo responses for FBH targets in aluminum show a complicated multipulse structure that can be explained in terms of the propagation, scatter and reception of compression plane waves and compression and shear edge waves. Simulated echo responses for 2mm-diameter FBH targets in aluminum agree well with experimentally-measured responses obtained using a directly-coupled transducer.
The multipulse structure of echo responses explains the near-field fluctuations seen in DGS diagrams and the way in which the diagrams vary with target and transducer size and with the radiated pulse shape. The multipulse structure can also lead to false predictions of nonexistent targets.
A calculated section of a DGS diagram plotted using the new model shows good agreement with an experimental curve obtained from measurements of the responses from a number of mostly near-field FBH targets in aluminum. Comparisons between DGS diagrams calculated assuming either a fluid-like or a solid medium show general agreement. There are however localized differences that can result in errors of around a factor of two if a fluid model is used to calculate DGS curves subsequently used to estimate the size of a target in a solid.
